Delayed secondary biochemical and cellular changes after traumatic brain injury continue for months to years, and are associated with chronic neuroinflammation and progressive neurodegeneration. Physical activity can reduce inflammation and facilitate recovery after brain injury. Here, we investigated the time-dependent effects, and underlying mechanisms of post-traumatic exercise initiation on outcome after moderate traumatic brain injury using a well-characterized mouse controlled cortical impact model. Late exercise initiation beginning at 5 weeks after trauma, but not early initiation of exercise at 1 week, significantly reduced working and retention memory impairment at 3 months, and decreased lesion volume compared to non-exercise injury controls. Cognitive recovery was associated with attenuation of classical inflammatory pathways, activation of alternative inflammatory responses and enhancement of neurogenesis. In contrast, early initiation of exercise failed to alter behavioral recovery or lesion size, while increasing the neurotoxic pro-inflammatory responses. These data underscore the critical importance of timing of exercise initiation after trauma and its relation to neuroinflammation, and challenge the widely held view that effective neuroprotection requires early intervention.
Introduction
Traumatic brain injury (TBI) induces a series of delayed secondary biochemical and cellular changes that contribute to irreversible tissue damage (Loane and Faden, 2010) . The mechanisms underlying the secondary injury involve a complex cascade of biochemical, metabolic and gene expression changes; these events contribute to neuroinflammation and delayed cell death (Stoica and Faden, 2010) . Although much of the research focus has been directed at elucidating relatively early cellular and molecular events, experimental evidence suggests that the pathobiological processes initiated by TBI may continue for as long as a year or more after trauma (Bramlett and Dietrich, 2002; Smith et al., 1997) , contributing to progressive neurodegeneration and chronic functional deficits. Persistent neuroinflammation following central nervous system (CNS) trauma may provide a mechanistic link between acute injury and chronic neurodegeneration (Faden, 2011; Ramlackhansingh et al., 2011) .
In parallel with these neurodegenerative and inflammatory/neurotoxic reactions, trauma also induces neuroplasticity responses (Adkins et al., 2006; Carmichael, 2006; Jones and Schallert, 1994) . These include increased expression of growth and proliferation factors (Cramer and Chopp, 2000; Kelley and Steward, 1997) . Thus, trauma initiates both neurodegenerative and neurorestorative responses, with the relative balance of these activities believed to determine the extent of subsequent neurological deficits.
Increasing evidence suggests that both pathophysiological changes and neurological recovery after CNS injuries can be modulated by physical exercise. The mechanisms involved may include up-regulation of neurotrophic factors leading to enhanced neuronal plasticity (Griesbach et al., 2004b; Kobilo et al., 2011; van Praag et al., 1999) , as well as anti-apoptotic and anti-inflammatory effects (Itoh et al., 2011; Mota et al., 2012 ). An important variable appears to be the timing of initiation of exercise as a function of injury severity (Griesbach et al., 2004a (Griesbach et al., , 2007 , which can affect the neurotrophic factor response to injury. Early use-dependent neuronal injury and reduced neuroplasticity have been demonstrated following unilateral sensorimotor lesions (Kozlowski et al., 1996) . In addition, early initiation of exercise failed to improve cognitive function and exacerbated neurological deficits after experimental TBI (Crane et al., 2012; Griesbach et al., 2004b) . Clinical studies of the benefits of exercise interventions in TBI patients have led to conflicting results, in part due to lack of uniformity in neurological outcome measures and heterogeneity of clinical brain injury (Bland et al., 2011) . Nonetheless, randomized controlled trials in adult TBI have shown that post-acute cognitive rehabilitation and physical rehabilitation approaches produce various beneficial treatment effects (Lu et al., 2012) . Neurobiology of Disease 54 (2013) 252-263 
